Rationale: Paper spray ionization (PSI) is an attractive ambient ionization source for mass spectrometry (MS) since it allows the combination of surface sampling and ionization. The minimal sample preparation inherent in this approach greatly reduces the time needed for analysis. However, the ions generated from interfering compounds in the sample and the paper substrate may interfere with the analyte ions. Therefore, the integration of PSI with high-field asymmetric ion mobility spectrometry (FAIMS) is of significant interest since it should reduce the background ions entering the mass analyzer without complicating the analysis or increasing analysis time. Here we demonstrate the integration of PSI with FAIMS/MS and its potential for analysis of samples of forensic interest.
Conclusions:
The integration of PSI-FAIMS/MS was demonstrated for the analyses of explosives in negative ion mode and for illicit drugs and CW simulants in positive mode. Paper background ions that could interfere with these analyses were separated by FAIMS. The compensation voltage of an ion obtained by FAIMS provided an additional identification parameter to be combined with the mass spectrum for each analyte.
| INTRODUCTION
Wipes or swabs are commonly employed media for surface sampling methods used in forensic sample collection protocols. The preparation of wipes or swabs prior to sampling and the extraction steps needed prior to instrumental analysis can be time-consuming. In addition, these samples are often quite complex, requiring extensive chromatographic methods for their analysis, which takes more time to complete. A recent focus in mass spectrometric research involves the development of ambient ionization sources in which samples are ionized under ambient conditions with minimal sample preparation that can reduce analysis time. [1] [2] [3] [4] [5] [6] One such technique, paper spray ionization (PSI), developed by Wang et al, 7 is of particular interest. The setup of PSI is simple. In addition, the ionization mechanism is theorized to be the same as electrospray ionization (ESI). Therefore, analyses that are typically performed using ESI could potentially be performed using PSI. Applications of PSI to the analysis of pharmaceuticals in dry blood spots, urine samples, and other samples have been demonstrated. [8] [9] [10] Using such an approach, forensically relevant samples can be analyzed in a quicker fashion. This not only helps to reduce any potential backlogs, but also reduces solvent waste and the overall cost of the analysis.
Despite the advantages of PSI, there are practical challenges. One such challenge that could limit its application is the presence of background interferences resulting from the paper substrate. In a previous This article has been contributed to by US Government employees and their work is in the public domain in the USA. work, we investigated the performance of PSI in negative mode for the ionization of explosives. [11] [12] [13] The experiments focused on reducing discharge by applying solvents with lower surface tension to the paper triangle. In these previous experiments, ions from substances on the paper were observed that could dominate the mass spectrum when the signal intensities of analytes of interest were low (e.g. due to low concentration or suppression). An ion mobility device could serve as a filter and only allow the transmission of the ions of interest. While there are other reports on the combination of PSI with ion separation methods, [14] [15] [16] [17] here we evaluate the use of high-field asymmetric waveform ion mobility spectrometry (FAIMS) to reduce background ion interference, while attempting to maximize information about the analytes in the samples.
FAIMS is a relatively new technology in comparison with other separation techniques; in contrast to chromatographic separation methods, FAIMS is capable of separating sample ions in the gas phase at atmospheric pressure. The fundamental principles of FAIMS have been described elsewhere, 18, 19 but a brief description is provided here.
The instrumental setup and ion separation process may be easier to explain when considering the simplest design of FAIMS that utilizes planar electrodes (also named differential mobility spectrometry, DMS, when in a planar geometry). The electrodes are kept a uniform distance apart: one electrode is grounded and an asymmetric waveform is applied to the other. The base to peak amplitude of the waveform is the dispersion voltage (DV). Ions collide with drift gas while passing through the electrodes. Due to the difference in the mobilities of the ions at high versus low field, ions travel toward one or the other electrode and are annihilated. Applying a direct current potential, the compensation voltage (CV) across the electrodes corrects the net displacement of a specific ion, permitting it to be transmitted through the electrodes and on to the mass spectrometer.
The CV needed for ions with the same differential mobility to be transmitted is different. Hence, FAIMS could be employed to give one of the identification markers for an analyte, which allows an additional level of confidence especially when a unique value is not observed by MS, e.g. for isomer analysis. 20,21 AC V -gram, analogous to a mass chromatogram or an extracted ion chromatogram (EIC), can be obtained by scanning the CV across a voltage range. The separation of ions can be improved by changing the drift gas. This is accomplished due to interactions between the ions and the drift gas, which have been shown to be different for different drift gases. 22, 23 Nitrogen, helium, and carbon dioxide are common choices of drift gas. The addition of solvent vapor to the drift gas can also improve the separation drastically. [24] [25] [26] Again, this process is similar to the one described above for the drift gases. However, in this case, the ions interact with neutral solvent vapor molecules to form clusters. As these clusters form and break apart, the movement of the ion down the drift tube is changed. As each type of ion is likely to form a different cluster with the same solvent vapor, additional separation is achieved.
Here we report the first integration of paper spray ionization to planar FAIMS, coupled to a mass spectrometer, as well as the first application of the integrated system for the analysis of analytes with forensic relevance. We report the optimization of PSI and FAIMS parameters to provide reproducible FAIMS separation and signal.
However, realizing that commercial FAIMS cells are available, only the general approach used in this study to find the optimized parameters is described. This is because the actual optimized values found herein are unlikely to hold true for other FAIMS cell geometries, making the overall process of finding them the more important aspect of this work.
Furthermore, the reproducibility of paper spray ionization and ion transmission was investigated from paper triangle to paper triangle. Once these parameters had been optimized, mixtures of explosives, drugs, and chemical warfare agent simulants were analyzed to demonstrate the analytical capabilities of the integrated PSI-FAIMS-MS system. For experiments with the addition of solvent vapor to the drift gas, the solvent vapor was created as described in Rorrer et al. 25 
| RESULTS AND DISCUSSION
Optimization of PSI, FAIMS, and MS parameters was performed first in negative ion mode using explosives standards; the results of PSI of explosives in negative mode are described elsewhere. 13 Parallel experiments were then performed in positive ion mode using drugs and CW standards. As such, the primary discussions will focus on explosives, with results and observations unique to drugs or CWs being mentioned.
Instability in ion intensity arising from variations in the paper triangles used limits the quantitative performance of PSI-MS and PSI-FAMS-MS unless internal standards are employed. Nevertheless, as demonstrated in our previous work, 13 the signal intensities of the characteristic ions from the analytes (see Table 1 ) provide reference data for evaluation of the performance of PSI-FAIMS/MS. Therefore, all the comparisons were based on absolute signal intensities.
| PSI-FAIMS/MS Integration
Although the ionization of analytes in PSI is thought to be the same as in ESI, 7,9 the optimization of experimental parameters for ESI may not be directly applicable to PSI. For example, ESI is typically operated with a sheath gas and sometimes with the addition of heat to aid in ion desolvation; neither option is typically employed in PSI. The sheath gas in ESI can help the transmission of ions into the FAIMS cell in ESI-FAIMS/MS. In contrast, when integrating PSI with FAIMS/MS, ion transmission into the FAIMS cell relies solely on the electric field, and therefore on the potential difference and distance between the PSI tip and the FAIMS curtain plate.
Here we describe the configuration and settings that influenced the transmission of analyte ions generated by PSI using our specific instrumental design. A few variables and observations may also be applicable to integrating FAIMS-MS with other ionization sources. In Figure S1 (supporting information).
Since the gas introduced into the FAIMS cell serves as both the drift gas and the curtain gas, the gas flow rate influences ionization, transmission, and separation. The counter current curtain gas flow assists in the desolvation process, as in an ESI-FAIMS interface. However, a consideration unique to PSI is that when the curtain gas flow is too high, the paper triangle may become too dry, 17 resulting in either a non-conductive medium or the onset of electrical discharge. In addition, ions would experience a higher counter gas flow and could be less efficiently transmitted to the FAIMS cell. The portion of the gas that serves as the drift gas inside the FAIMS electrode is determined by flow through the heated capillary into the mass spectrometer vacuum.
Collision-induced dissociation (CID) of weakly bound nitrate adducts
induced between the curtain plate and the heated capillary (or in the heated capillary or in the interface between it and the mass analyzer) can significantly reduce ion signal for the adducts (and increase the signal for the nitrate ion). For the experimental conditions employed here, a total gas flow rate of 0.75 L/min was found to provide a balance for adequate separation without compromising ionization and transmission. An additional experimental parameter for the drift gas is its composition. As mentioned earlier, inert gases such as nitrogen and helium are often utilized in FAIMS, but it was recently demonstrated that the addition of solvent vapor into the drift gas can improve separation and increase signal intensity. [24] [25] [26] In the current experiments, addition of solvent vapor dramatically increased both signal and FAIMS separation of the explosives. Therefore, all data were collected with solvent vapor addition.
To transmit ions efficiently through the counter current gas flow into the curtain plate and then into the FAIMS cell, the electrical field is critical. In contrast to ESI-FAIMS-MS, where the sheath gas from the ESI source helps direct ions through the curtain gas, transmission of ions in PSI-FAIMS-MS relies solely on potential differences. In our setup, a dc voltage supplied by an external power supply was applied to the curtain plate; an additional dc bias voltage was applied to the FAIMS electrode from the FAIMS waveform generator giving a potential difference that allows the transmission of ions.
The curtain plate voltage influences the potential difference at both the PSI-curtain plate interface and the curtain plate-FAIMS electrode interface. This potential difference at the interfaces also changes when the bias voltage changes. For the explosives studied in this work, ammonium nitrate was added in order to form nitrate adduct ions.
It was observed that experimental parameters had to be carefully optimized to efficiently transmit these fragile adduct ions from atmosphere to the mass spectrometer. The optimum parameters included a curtain plate voltage of −500 V and a FAIMS bias voltage of −30 V, which yielded a reasonable signal intensity for ions from explosives including the nitrate adduct ions. Baseline FAIMS separation of explosives ions was achieved. FAIMS provided much cleaner mass spectra for the explosives than without FAIMS separation, 7 clearly demonstrating the increased selectivity (reduced ion interferences) provided by FAIMS.
| CV/DV curve and separation of explosives

| Signal longevity at various concentrations
All the experiments described up to this point were performed with continuous infusion of an explosives mixture solution. The signal intensities of analytes were stable at approximately the same level throughout the 4 min needed for a 40 V CV scan, as shown in Figure   S2 (supporting information). In contrast, when using PSI-FAIMS-MS to analyze samples collected by wiping a surface with a paper triangle, continuous infusion of analyte solution would not be practical.
Nevertheless, the continuous infusion of spray solution on a deposited
or wiped sample improved the analysis, providing longer lived and more intense signals than if the paper had been wetted only once. As the infused solvent dissolves and carries the analyte toward the tip of the paper where ionization occurs, the quantity of analyte left on the paper will decrease. Therefore, it is necessary to know how long a usable analyte signal will last at different quantities of analyte before experiments are conducted to estimate the limit of detection of PSI-FAIMS-MS. A series of such experiments was performed; the experiments and the resulting data are described in the supporting information. In summary, a usable signal was consistently maintained over the 4 min time range tested.
| PSI-FAIMS-MS analysis of explosives: Pre-loaded
To simulate the scenario of surface wipe analysis, an explosives mixture was pre-loaded onto a paper triangle to give 0.1 μg of each explosive analyte. As in the signal longevity study, 40 μL of spray solution (IPA + 0.4 mM AN) was placed onto paper triangles, followed by continuous infusion of spray solution at a flow rate of 40 μL/min.
All other settings were the same as in the CV/DV curve collection.
The resulting CV-gram, EICs of the m/z values of interest, and mass spectra are shown in Figure 3 . Five CV peaks were observed on the CV-gram. Mass spectra were extracted over the five CV peaks. The first CV peak corresponds to m/z 62, the NO 3 − ion. The nitrate ion could arise from both ESI fragment ions of the explosives and the Table 1 ammonium nitrate added to the solution to form adducts. The nitrate ions could also arise from CID of nitrate adducts of the explosives as the [M+NO 3 ] + ions are accelerated through the curtain gas. Similar effects have been observed due to ion heating in the source, as well as the presence of neutral contaminants in the gas stream. 19 The three explosives that generate a usable signal, PETN, HMX, and RDX, were readily separated by FAIMS, and produced mass spectra across the CV peaks without interferences. However, characteristic TNT ions
were not observed. As demonstrated in our previous work, 13 the signal intensity of the TNT ion was not as high as that of other explosives.
The nitrate adduct of TNT could be lost in the transmission from the ionization source to mass spectrometer. Further experiments are necessary to develop a PSI-FAIMS-MS method for TNT analysis.
One of the CV peaks (peak 5), interestingly, was composed of four ions, separated by 14 m/z units, also observed from PSI of a blank paper triangle, as shown in Figure 3 . Figure S3 (supporting information)
shows that each ion was transmitted through the FAIMS cell at a slightly different CV. The identities of these background ions were not further investigated. However, they may correspond to four related compounds (differing by a CH 2 group) or related fragment ions corresponding to the paper itself (for instance, cellulose fragments) or from compounds used in treatment of the paper in the manufacturing process.
| PSI-FAIMS-MS analysis of illicit drugs: Pre-loaded
Experiments parallel to the explosives analysis described above were also Figure 5 ). Although no proton transfer between water vapor and the analyte ions was observed, the resulting CV-gram using water vapor yielded poor peak shapes. This is thought to be due to an inadequate level of vapor in the FAIMS cell, since water has a much lower vapor pressure than most common organic solvents. With the current instrumental setup, increasing the amount of water vapor entering the FAIMS cell beyond what was done here is not possible and these analytes cannot be reliably detected using this specific system. We have demonstrated the integration of PSI-FAIMS-MS, along with the optimization of experimental parameters, for the detection of explosives.
| PSI-FAIMS-MS analysis of CWs
Optimizing the distances and potentials between the PSI source, curtain plate, and FAIMS electrodes maximized the sensitivity and selectivity.
For weakly bound adduct ions such as the nitrate adduct of explosives studied in this work, optimization of experimental parameters is critical to maximize sensitivity. Similar optimization of distances and voltages at various interfaces will be important when applying PSI-FAIMS-MS to other analytes, but the studies here will be useful in those optimization studies. The FAIMS gas flow rate should also be adjusted, along with the spray solvent flow rate onto the paper, to prevent drying of the paper triangle and prevent discharges.
The PSI-FAIMS-MS parameters found in these studies generated adequate signal intensity and separation for the detection of explosives.
The signal also lasted long enough for full FAIMS CV scans at levels as low as 1 ng on paper. Lower detection limits could be achieved by employing selected mobility monitoring (SMM) at selected CV values, analogous to selected ion monitoring (SIM) and selected reaction monitoring (SRM) for achieving the best detection limits. The goal of reducing interferences from other ions was realized.
Experiments parallel to that performed on explosives in negative ion mode were conducted on drug and CW mixtures in positive ion mode. The observations and optimum parameters found in the PSI-FAIMS-MS of explosives were beneficial for the analysis of the drug mixture. Adequate signal intensity and separation among drugs were achieved. When analyzing CW simulants, the choice of solvent for solvent vapor addition to the FAIMS drift gas was critical. In particular, attention must be paid to differences in proton affinity, since proton transfer can occur between CW ions and solvent vapor.
